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Electronic properties of CePd,Si, under pressure
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Resistivity measurements were performed up to pressures of 10 GPa and down to temperatures of 30 mK to
study the pressure-induced superconductivity of the antiferromagnetic compoungSGeRdarge supercon-
ducting domain is found in the range 2—7 GPa. Non-Fermi-liquid properties are observed for the pressure
corresponding to optimal superconductivity at around 5 GPa where the transition temp€&itiegjuals 520
mK. The high value of the initial slope of the superconducting upper critical f@ddut—10 T/K) is indicative
of heavy fermion superconductivity.

. INTRODUCTION and annealed for two days at 1200 °C. X-ray diffraction and
scanning electron microscope analysis revealed no traces of

Heavy fermion(HF) compounds provide the opportunity parasitic phase®. The samples were mounted in a tungsten-
to study the anomalous properties occurring at the quanturarbide anvil cell using steatite as pressure transmitting me-

critical point (QCP of three-dimensional itinerant gium and a pyrophyllite gasket. Standard four-wires resistiv-
antiferromagnetS At the QCP, the Nel temperaturdy van- ity measurements were carried out in the basal plane of CePd

ishes as a function of a control parameter, experimentally s;_ \ith a dc technique in a dilution refrigerator down to
achieved by alloying or applying external pressure. Break’temperatures of 30 mK.

down of the Fermi-liquid theory is expected at the QCP. The - poigtivity curves versus temperature are shown in Fig. 1

corresponding so-called non-Fermi-liquitNFL) behavior ¢ "co oo hressures. At low pressure, the antiferromagnetic
observed may also be characteristic of large crossover re-

gions delimited by the competition between thermal an rd_e_r IS mar_ked by a kmk_aTN (at around 10 Kin the .
quantum fluctuationd® Most surprising in this context is the 'eSitivity. This anomaly shifts to lower temperatures with

emergence of superconductivity near the QCP pointing tolncreasing pressures. The extrapo_latlon of the pressure varia-
wards the probable magnetically mediated pairing mechalion Of Ty to zero temperature defines the QCP at about 3.5
nism. GPa. At low temperatures, a 10% drop of the resitivity is
Up to very recently and despite a wealth of experimentaPbserved below 300 mK at 1.8 GRshown at 2.5 GPa in
effort, CeCySi, was the only known ambient pressure Ce-Fig. 1 for clarity. On increasing pressure this drop reaches
based HF superconduct‘bf[his compound is a member of 40% at 4.1 GPa and is followed by a saturation of the resi-
the extensively studied G&,T, family (space group 14/ tivity at the lowest temperatures. Following the results of the
mmm) whereM is a transition metal an@i=Si, Ge. A mag- Cambridge group who found zero resitivity around these
netic state is stabilized above a critical volume of the unitpressures, the drop is associated with the entrance in the
cell obtained for different combinations &fl and T ele-
ments. This gives rise to various kinds of antiferromagnetic
order within this family of compoundsHaving in mind that
the application of pressure counterbalances such volume ef-
fects by driving these compounds towards a nonmagnetic
state, CeCyGe, (Ref. 6 and CeRBSi, (Ref. 7) were subse-
qguently found superconductor under pressure at the QCP.
Recently, focus was made on the isoelectronic compounds
CeNiLGe, and CePglSi,. For the former paramagnetic com-
pound, traces of superconductivity were found by several
groups both at ambient presstiend above 1.5 GPa!!For
the latter antiferromagnetic compound Ce®id [with Ty
=10 K and a staggered magnetic momsent 0.62ug (Ref.
5)], only the Cambridge group found so far pressure-induced
superconductivity at around 2.7 GPa-as opposed to other
experimental work$*'® In this paper, we confirm the
pressure-induced superconductivity of CgBip and give
details on the electronic properties associated with the super-
conducting phase. T(K)

p (nQcm)

Il. EXPERIMENTAL RESULTS FIG. 1. Basal plane resistivity of CeEﬂiz Versus temperature
on a double logarithmic scale for several pressures. Arrows indi-
Single-crystalline platelets were selected from a high-cates the transition temperatures. The inset showd th® phase
purity polycrystalline ingot obtained in an induction furnace diagram obtained.
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FIG. 2. Basal plane resistivity of Cep8ii, at 2.5 GPa showing T7(K™)

both a kink afTy and a drop aT. The dashed line is a fit to E€) FIG. 3. Basal bl istivity of . 41 GP

given in the text. The inset shows the pressure variation of the ;, = = asal plane resistivity o CeEnﬁlz at 4. GPa versus

spin-wave scattering weiglg and the spin-wave energy gap T4 The inset shows the exponembf the T" resistivity law versus
temperature at 3.25 and 4.1 GPa.

superconducting state. For pressures higher than 5.15 GPa,
the drop in the resistivity gradually decreases again and thehown in Fig. 3 for a pressure of 4.1 GPa. The resistivity
transition is no more observed at 7.5 GPa. At low pressurépllows aT'?law up to 35 K. The same behavior is observed
signs of magnetism and superconductivity coexist as showryt 4.5 GPa. On the other hand, at the QGR-3.5 GPp a
for example, in Fig. 1 for a pressure of 2.5 GPa where botlFermi-liquid-like T? law is observed for the resistivity below
a Ty and aT. value can be defined. The corresponding 3 K. Both behaviors are shown in the inset of Fig. 3 where
— P phase diagram is shown in the inset of Fig. 1. The presthe exponenn of the T" law of the resistivity{obtained by
sure corresponding to the QGB.5 GPa is different from  the temperature logarithmic derivativesfT) — po] is plot-
the optimum pressure for superconductivity found at arounded versus temperature. At 3.25 GPa, a large crossover re-
5 GPa. gime is observed in the resitivity exponent between 10 and 3
In the antiferromagnetic phase, the resistivity betw&en K followed by a saturation towards= 2. On the other hand,
andTy is described with the following form previously used n is aimost constant over two decades in temperatures at 4.1
in the same context for the antiferromagnetic HF superconGpa. For higher pressures starting at 5.15 GF&, law with
ductor URySi,:*’ a decreasing weight is again observed. Our results emphasize
the fact that NFL behavior, observed in a narrow pressure
p=pot AT +BT(1+2T/A)exp(~ A/T). (@ Wwindow, seems to be better linked to the optimum supercon-
The first term,p,, corresponds to the residual resistivity, the ductivity rather than to the QCP.
second term corresponds to the Fermi-liquid contribution of The initial slope of the superconducting upper critical
heavy electrons, and the last term to the contribution of anfield H,, at T allows to give more insight in the electronic
tiferromagnetic gapped spin waves. A fit of Ed) to the  properties(effective mass of HF compound$! The field
data is shown in Fig. 2 for a pressure of 2.5 GPa. The resultgariation of the superconducting resistive transition at 3.5
obtained at low pressures show that the fit is not overparanfsPa is shown in Fig. 4. On increasing the field, the resistiv-
etrized. At 0.1 GPa, we found=0.098 Q) cm K~ 2 which ity drop shifts to lower temperatures and is no more seen for
is indeed consistent with the low-temperature specific-heaa field of 1.9 T. The correspondirip—H phase diagram is
linear coefficienty~100 mJ/mol K %1% given a so-called shown in the inset of Fig. 4. The striking feature is the high
Kadowaki-Woods ratio of 9.810 ¢ 4 cmK2(mol/mJyY  initial slope of the critical field of about-13 T/K at this
very close to the canonical value 170, cm K2(mol/mJ¥.  pressure. This high value is taken as an evidence for HF
The estimate of the spin gap=14 K is close to the value of superconductivity since in the clean lintieached here due
9.6 K obtained by inelastic neutron scatterffidihe pressure to the low residual resitivity the initial slope of the critical
variation of the gap\ and of the magnon scattering weight field is directly proportional to the square of the effective
are shown in the inset of Fig. 2. The gap is constant overalmassm* of the quasiparticles forming the Cooper pairs. The
the pressure range amldecreases linearly and vanishes atpressure variation of the mass thus deduced and arbitrarily
the QCP(around 3.2—3.5 GRaThe fact that the gap is con- normalized to 1 aP=2.2 GPa is shown in the lower frame
stant, is an indication that among the two components of theéf Fig. 5. Another estimate ofm* is obtained from the
magnetic excitation spectruffi,namely a spin wave and a square root of theA coefficient of theT? law of resitivity
quasielastic part, only the latter is relevant and may play aim* ~\/A). Its pressure variation is shown in the same fig-
important role in the driving mechanism of the QCP. ure. Between 2 and 6 GPa there is an agreement for the
NFL behavior is observed in a narrow pressure rangeeduction(by a factor of about Rof the effective mass de-
around the optimum pressure for superconductivity. This isluced from this two quantities even if the “path” taken is
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FIG. 4. Basal plane resistivity of Cep8i, at 3.5 GPa for dif- _:
ferent magnetic fields. The inset shows fhe H phase diagram =
obtained. The line is a guide for the eye. .
E 05 ¢ from H'c2
different. Magnetidquasielastitfluctuations may be part of e 2
the A coefficient in the magnetically ordered phase given from T
thus an overestimated value of the effective mass. To this 0 . . . .
respect low-temperature specific-heat measurements under 0 2 P 6 Py 10
pressure will be very valuable to have a direct estimation of P (GPa)

the effective mass. The pressure variation of the residual

resitivity is shown by comparison in the upper frame of Fig.  FIG. 5. Pressure variation of the residual resistivitypper
5. This quantity, starting from 2.8() cm atP=0, decreases frameg. Pressure variation of the effective makswer frame de-
initially with pressure, equals 2,4 cm when superconduc- duced from the initial slope of the critical field and tAeoefficient
tivity is observed and almost saturates at 4@ cm after the  of the T? resistivity law, respectively. The line is a guide for the
pressure for optimal superconductivity, i.e., above 5 GPa. Neyes.

scaling is found betweep, and /A which may indicate that
the scattering given rise to this residual resitivity is nearly
“textbook” defect scattering without any obvious contribu-
tion from Kondo physicge.g., absence of “Kondo-hole”
scattering mechanism

CeNiL,Ge, with a shift of pressure of the order of 3 GPa
compensating the volume difference between the two com-
pounds.
A consequence of the large superconducting domain ob-
L. DISCUSSION served is the separation between the QCP and the pressure
' for optimal superconductivity to which NFL properties

Compared to a previous study of the pressure-induced si§eems to be better linked. This bears striking similarities
perconductivity of CePsSi, observed in the range 2—3 with the marginal behavior observed at the optimal doping in

GPal? we found a larger pressure domain of existence of€_high-temperature superconductorTSC's) where the

this phase between 2 and 7 GPa. Albeit surprising the obsef€Sitivity is linear inT over decades in temperatufésThe

vation of such a large domain is consistent with previoug?roXImity o; bott;h systef:mﬁHF a_nleTS(lf to anpferromag-l .
measurements performed on CeSy in the same yERE S EE.AE DY e O o mpounds,
ggq%tggi stzﬁaeasgﬁﬁ irlgcr)i?)?lijsdrl‘:]/g{eli)rf(l)g:sd égpt:(i;gr;gf art t_he scattering is due to hot spot, that is, portipns of the
the “unified” behavior of these 1-2-2 compounds as de- ermi surfa(;e spann.ed b9, the anuferromagne_uc wave

. . : . .~ "vector. This is the main scattering process taken into account
scribed in the introduction. Moreover, a better comparisony, the spin-fluctuation theofywhere the resitivity follows a
can be made with the isoelectronic compound G&d. 7372 |5y for three-dimensional antiferromagneespectively
With a smaller unit cell, CeNGe, at zero pressure is 57 |aw in two dimensionsat the QCP foif~0. Beyond this
believed to be the equivalent of Cef8l, at around 3 GPa. pehavior, most of the Fermi surfacee., portions not con-
To this respect the observation of superconductivity innected byQ) must give rise to a Fermi-liquid-like behavior
CePdSi, at 3 GPa and in CelGe, at zero pressure is which may short circuit the hot spot scattering. It was shown
consistent with this picture. The other pocket of superconthat disorder enhances hot spot scattering and for a three-
ductivity observed in CeNGe, in the range 2—4 GP&Ref.  dimensional antiferromagngHF case?* the competition
11) could also be linked to the superconductivity we still between aT? resistivity and ax+ T%? one (wherex is pro-
observed at higher pressuigp to 7 GPain CePdSi,. Itis  portional to the impurity concentratipreould give rise to
as if the large superconducting pressure range of G8Bd crossover exponents close to 1 due to a breakdown of Mat-
we found in this work covers the two pockets observed inthiessen’s rule. This thea®§/goes one step beyond the spin-
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fluctuation theory by taking into account disorder whichgroup. A larger domaif2—7 GPafor superconductivity was
changes the weight between the hot spot scattering and theund in the present study. This bears similarities with the
conventional Fermi-liquid scattering. isoelectronic compound CepGe,, where two pockets of su-
Despite differences in the superconductifig P phase perconductivity were observed at around 0 and 3 GPa. A
diagram obtained in this study and in that of Ref. 12, wenigh initial slope of the superconducting upper critical field
measured the same power law in the resitivity around theys well as NFL properties observed near the QCP suggest HF
QCP which indicates, in the framework presented above, aperconductivity and importance of soft spin fluctuations.
similar sample qualitywith a residual resitivity ratidRRR) Note added in proofwe recently received a report from
of the order of 2Q. It was found by the Cambridge group that y,¢ Grenoble group of the observation of a complete super-

samples with a RRR of the order of 60 gave an exponent,qcting transition at 2.5 GPa in a sample of the same
close to 1° Similar results were obtained for the isostruc- batch as the one used in the present work

tural compound CeNGe,.2 The resistivity was fitted in a
narrower temperature ran@ep to 3 K) at zero pressure with
an exponent between 1.37 and 1.5 depending on the sample
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